Water is one of the most important resources on Earth because of its vital role for human beings and other living creatures. During the devastating drought in the Mekong Delta in 2016, millions of people had no access to the secure source of fresh water. This issue cautioned and influenced the Vietnamese government to find an effective desalination process for the coastal areas impacted heavily by salinization. However, desalination processes require large amounts of energy which can be a problem for the coastal areas due to the lack of energy and high cost. The main purpose of the study herein was to find an alternative solution for desalination by designing a desalination system using solar energy. The design was expected to provide a small size desalination system for households. The average output of the system was about 854 ml/day with the productivity at 2223.54 ml/day/m 2 . The average water capture efficiency was 80.5%, the salt elimination efficiency of the system was about 99.99%, and the salinity of the output water was below 2 ppm. The results are still far from ideal, but they indicate a potential solution for coping with the shortage of fresh water in coastal areas.
Introduction
Water has been recognized as a basic human right. Large quantities of fresh water are required in many parts of the world for agricultural, industrial and domestic uses. Although 71 percent of the Earth's surface is covered with water, fresh water only accounts for 2.5% of the water while the remaining is saline water (according to USGS) Gleick (1996) . With the increase of the human population over the first 20 years of the 21 st century (2000 -2020) (about 50% in Africa, 25% in Asia, 14% in the USA and, surprisingly, 2% negative, in Europe) Eltawil et al. (2009) , about 40% of the world's population is struggling with serious water shortages, with the majority of this burden falling on people who live in rural areas Eltawil et al. (2009) . In Vietnam, the drought which occurred in early 2016 caused massive damage for the Mekong Delta, which is considered to be the nation's granary. According to the government's statistics, salinization affected 13 provinces. The salinity of the water increased to 30 g/L. Living conditions for approximately 20 million people were heavily affected as about 160,000 hectares of rice paddies were damaged, equivalent to 800,000 tons of rice lost Website (c) .
Most of the water available on earth has a salinity of up to 10,000 ppm whereas the salinity of seawater is normally in the range of 35,000-45,000 ppm in the form of total dissolved salts. According to World Health Organization (WHO), the permissible limit of salinity in water is 500 ppm and for special cases goes up to 1000 ppm Eltawil et al. (2009) . The annual water availability of 1000 m 3 per capita constitutes the limit below which it will not be possible to guarantee an acceptable living standard as well as economic development Eltawil et al. (2009) .
For the reasons mentioned above, it is urgent to find a desalination system or technology that is suitable for the situation. There are many available desalination technologies or systems, such as membrane technology (e.g. reverse osmosis (RO), electrodialysis, etc.), and heat technology (e.g. multi-stage-flash (MSF), solar still, etc.) Website (c). These technologies have different purposes and costs.
Since the main purpose of this research study was to find a possible alternative solution for salinity problems in remote areas where access to common energy resources is hardly available or still unavailable, we focused on the solar still (and trying to improve its productivity). The solar still is a suitable device for use in desalination at remote areas because of its simple design, easy operation and maintenance; it only requires heat from solar energy for operation Trieb et al. (2003) . Beside these advantages, there are some drawbacks of this technology too. For example, the productivity of the device is impacted by weather factors, low efficiency, and requirement of a large area for installation. Across the world, there are many research studies in various countries using solar still to provide fresh water for rural areas; these countries include Turkey, India, the United States, etc. Rizzuti et al. (2007); Bhattacharyya (2013); V et al. (2012) . Even in regions where other conservative energy exists (e.g. electricity and fossil fuel, that are widely available in the US), solar still is still an attractive choice as a means of conserving fossil fuel resources and limiting the carbon footprint of desalination V et al. (2012) .
In terms of structure, there are many different types of solar devices that have been researched. For example, there is the single-slope double-basin solar still Al- Karaghouli and Alnaser (2004) , single-slope triple-basin solar still El-Sebaii (2005) , and pyramid-shaped solar still Fath et al. (2003) . In terms of design, there also some unique solar still devices that have been conducted, such as the vertical solar still Boukar and Harmim (2005) , which has a vertical single-wick (holding the feed water) and vertical condensing surface Boukar and Harmim (2005) , and the solar still with multiple vertical wicks and a single vertical condensing surface with flat-plate reflector Tanaka and Nakatake (2005) . In Vietnam, an eleventh grade student at Ben Tre province created a desalination device using the same principle as a solar still. The device is composed of many different materials, including a solar vacuum tube, insulation container, inox panel, and tube. The productivity of the device is 6 liters per day at a cost of 2 million Vietnamese dong Website (a) . From the results of all the aforementioned studies, solar still for desalination is worth considering and improving as an option for providing fresh water to coastal area, especially with regards to the geography and tropical climate of Vietnam Website (b) .
The aim of this study was to investigate and design an improved solar still device for desalination by adding more solar vacuum tubes and other materials to the conventional solar still to enhance the productivity of the device.
2. Materials-Methods 2.1 Materials 2.1.1 Equipment and chemicals The device consisted of two main parts: the body and the base. The body included the roof and the watercontaining tank made of 5 mm glass (can be purchased at glass store). The specifications of the solar vacuum tubes in this research study were: 1800 mm length, 58 mm outer tube diameter, 47 mm inner tube (made of 1.6 mm borosilicate 3.3 glass), and adsorption coating of Al -N/Al type (can be purchased at water heater or solar energy stores). The base was made of "V" shaped steel sized 38 mm × 57 mm × 3 m (can be purchase at a mechanical shop). The black pebbles scattered inside can be purchased at a construction materials store.
The meteorological devices used in this research to measure the environmental specifications included wind speed and direction, environment temperature, and solar radiation (device purchased from OGA-SAWARA KEIKI company, Japan).
Chemicals used in this research study were purchased from Merck Corporation (Germany). Saline water use in the experiments was diluted by salt (NaCl; can be purchased at grocery store). The ionic chromatography machine used for analyzing the output water was purchased from Waters Corporation (USA).
Device structure
Water-containing tank and the roof top The water-containing tank was a trapezoidal prism made of 5 mm glass; this type of shape was chosen for the ability of installing 4 solar vacuum tubes. The detailed specifications of the water-containing tank were as follows: the bigger base was a square plane of 550 mm side length, the small base was a 270 mm × 550 mm rectangular plane, the height of the trapezoidal base measured 300 mm. There were four 630-mm diameter holes on one lateral area for installing the solar vacuum tubes, with each hole 60 mm apart. There were also two 27 mm holes on another lateral area, one for input water and one for testing sample. In the bottom of the water-containing tank there was a 15-mm layer of black pebbles for heat retention Figure 1 .
The roof top was also made of 5 mm glass. On the inner edge of the roof top was a water trough system for collecting the water evaporation. The specifications of the roof top were as follows: total height of 15cm, and the base of 550 mm side length (square). The size of the water trough system was 550 mm × 20 mm × 20 mm; on the outside of the trough system there was a 6-mm diameter hole for removing the output water Figure 2 .
The solar vacuum tubeis one of the most significantly improved part of the device. With 2 layers of glasses, separated by a layer of vacuum, the solar vacuum has the ability to increase the heat adsorption from solar radiation and decrease heat loss to the outside environment. The solar vacuum tubes, after attachment to the water-containing body of the device, were stabilized by a short 90-diameter pipe which was cut in the middle to hold the bottom of the solar glass tubes Figure 3. 
The base
The main function of the base is to stabilize and to protect the equipment of the device against the effects of the environment. The "V" shaped steel was chosen as the base because of two main reasons: the total weight of the device was heavy (about 50-60 kg with full water) and "V" shaped steel is cheap and almost available from any mechanics store Figure 4 .
The operating principle of the device The device operating principle is based on the principle of the cycle of water in nature. The evaporation rate of water in nature depends very much on temperature. These factors lead to the rationale for using a solar vacuum tube to increase the heat adsorption of solar radiation, thus leading to the rise of temperature of the water inside the device. Sunlight will pass through the outside layer of the solar vacuum tube and will be adsorbed by the second layer, which is coated by special adsorption coating, while the vacuum between the two layers keeps the heat from radiating back out to the environment. When the temperature goes up, the specific weight of water will become lighter and water will travel from the solar vacuum to the water-containing tank while the lower-temperature water from the tank will travel down the tube, creating an inner circulation of water Figure 5 .
Research method 2.2.1 Research content
Available documents and studies on solar stills have referred to them as a simple testing model. We used them to in our investigations. After collecting enough data from the simple testing model, we began to create the true-scale device. The completed device was placed on the roof top of block E of University of Science, Vietnam National University Ho Chi Minh City, for testing the productivity of the enhanced solar still under outside conditions. The device was examined during 24 hours of the day, from 08:30 to 08:30 next day. The time during daylight for evaluation was from 08:30 to 16:30. The parameters that were monitored were: temperature (inside and outside) of the device, the water level inside the water-containing tank, and the volume of the output water. Environmental specifications that were monitored were wind speed and direction, environment temperature, and solar radiation; the measurements were collected by the Meteorological Station of the Environment Facility of the University of Science, Vietnam National University Ho Chi Minh City. If there was no nearby local meteorological station, we monitored the specific above environmental parameters using online websites or obtaining the information from the local Environmental Office.
Sampling and analyzing method
The input water was prepared in the laboratory by mixing distilled water with salt (the chloride concentration of the solution ranged from 22 to 29 g/L). The output water was sampled directly from the device and stored in the PET bottle at room condition. The chloride concentration of the input and water were analyzed by Mohr method and ion chromatography, respectively. Both input and output water were analyzed at the Chemical Analysis Department B16, University of Science.
Productivity evaluation method
The productivity of the device was evaluated by factors, including difference in temperature inside and outside the device, and change of weather factors (such as the intensity of sunlight, wind speed, rain, thunderstorm, etc.).
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Statistical analysis method
For continuous variable data, the mean and standard error of the mean were computed and when appropriate, comparisons between two groups of information were made to obtain a better understanding of the results. The evaluation period was from the 15 th of April to 26 th of May, 2018. The most complete data from the 15-day evaluation period were chosen for the report. The study was conducted only once.
Results
The volume of the output water
As can be seen from Table 1 and Figure 6 , the average volume of output water in daylight time (from 08:30 to 16:30) was approximately 343 ml (which accounts for 40% of total output water in 24 hours). Meanwhile, the average output volume from the rest of the day (from 16:30 to 08:30 next day) was 515 ml (which accounts for 60% of total output water). However, in terms of performance, daylight hours provided better productivity at about 0.112 l/m 2 /h, while productivity at night was just about 0.084 l/m 2 /h. Figure 7 , the temperature inside the device increased gradually during daylight time, reaching its peak during 13:30 to 16:30 o'clock. The highest temperature recorded was 70 o C at 16:30 on April 28
th . It can also be seen that the cyclic temperature variation increased from 8:30 to 14:30, and began to decrease later.
From Figure 8 , when the temperature of the device reached its highest point (70 o C) on the 28 th of April, the volume of output water also reached its highest point during that day (1438 ml). Similarly on the 4 th , 8 th and 11 th days of May, the output water volumes were higher compared to other days. Figure 6 . Volume of output water in one day (ml). The volume ofthe output water varied from the26 th of April to 24 th of May due to the various changes in the environment. The highest volume recorded was on the 28 th of April -at 1438 ml. Figure 7 . Average temperature of the inside and outside of the device. While the temperature inside the device increased gradually until 15h30 and then started to decrease, the temperature outside the device increased slowly and reached its peak around 12h30 and started to decrease.
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Figure 8. Volume of water and highest temperature during the examined period. The volume of output water reached its peak which correlated to the peaks of highest temperature recorded for that day.
The effect of solar intensity on the device
The results showed that the majority of solar radiation intensity changed in cycles, increasing from 8:30 to 13:30 o'clock and gradually decreasing at 16:30. From Figure 9 , the highest solar intensity recorded was on the 28 th of April (average intensity was 668.96 W/m 2 /h). The days when the volume of output water was higher than other days were the 4 th , 8 th , and 11 th of May; the peaks of solar intensity were similar to the highest temperature peaks recorded on those days.
3.4 The effect of wind speed on the device As illustrated in Figure 10 , from the 26 th of April to 8 th of May, the chart shows the volume of output water and wind speed had the same trend, such as reaching their peaks on April 28 th , reaching the bottom on May 3 rd , and reaching a small peak on May 4 th . However, on May 9 th , due to the effects of rain and thunderstorm the amount of solar radiation decreased, leading to a decrease in the output water volume of the device, despite the increase in wind speed. Similarly on the 11 th , 19 th , 20 th and 22 nd of May (particularly 22 nd of May), the average wind speed reached its highest during the examined period-at 27.7 km/h, due to a storm in the evaluated area.
3.5 Desalination efficiency of the device From Table 2 , the chloride concentration after the treatment is lower than the chloride concentration specified by the Vietnam National technical regulation on drinking water quality (QCVN 01:2009 -BYT; Cl − concentration range from 250 to 300 mg/L) (Vietnam Ministry of Health). Figure 10 . Volume of water and highest temperature on the examined days. Under normal weather conditions, the volume of output water and average wind speed show similarity (in increases and decreases). When there is extreme weather (such as storm or thunderstorm), the average wind speed changes dramatically while the output water decreases gradually.
Productivity of the device
The highest productivity of the device recorded was 3744.79 ml/day/m 2 (on April 28 th ) and the lowest was 1664.06 ml/day/m 2 (May 9 th ), while the average productivity of the device during the examined periods was 2234.2 ml/day/m 2 . The change in the productivity of the device was non-cyclical, and depends on environment factors, such as solar intensity, wind speed, and outside temperature.
Discussion
Despite all the results collected during the examined period, the device still needs some more improvements before it can be applied in real-life situations. However, the research study shows a positive effect of using solar energy for desalination, especially with respect to the high efficiency in eliminating chloride from the water.
In terms of productivity, the average productivity of the device was 2234.2 ml/day/m 2 , with the highest productivity recorded as 3744.79 ml/day/m 2 in April. Compared with the single-sloped solar stills in the report by H. E. S. Fath et.al (2003) , whereby the maximum and minimum productivity were 4.25 l/day/m 2 in July and 0.65 l/day/m 2 in January and around 2.6 l/day/m 2 annual average daily Fath et al. (2003) , the productivity of our device was relatively lower. Even though there was an improvement of the solar glass tubes, the design of the water-containing body was too big and required a large amount of input water to fill the solar glass tubes. The large volume of water can cause a disadvantage because more energy is required to heat up the water to fasten the evaporation progress.
In terms of price, the cost of making the device is about 1.8-2 million Dong, with is nearly the same as the price of the desalination device developed by the student from the Ben Tre province Website (a). However, our device has a much lower productivity (0.854 l/day compared with nearly 6 l/day). The 
2234.2
Absorbent areas of the device : 0.384 m2 lower productivity resulted from a mistake in the design of the water-containing body, make the price of the device become higher and the productivity of the device become lower. On the other hand, the desalination device of the student mentioned above makes use of cheap material, but with much better insulation equipment and design, their device productivity was much better than that of ours.
For future studies, we recommend reducing the water-containing size to decrease the cost of investment and to increase the temperature of the water inside for increasing the evaporation rate. Furthermore, a different shape of device is also recommended for the maximizing the solar radiation received and for better fixation of the solar glass tubes.
Conclusion
A complete desalination device, capable of desalinating in different weather conditions, was designed. Experimental results show that the average productivity of the device was 2234.2 ml/day/m 2 . The chloride concentration quality of the output water passed the Vietnam National technical regulation test for drinking water (QCVN 01:2009 -BYT).
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